Introduction
The tumour suppressor gene p53 is the most frequently mutated gene in human cancer (reviewed by Hollstein et al., 1994) and is thought to be involved in the maintenance of genomic integrity. Following exposure to DNA-damaging agents and stress, a variety of cell types show a rapid rise in p53 protein (Fritsche et al., 1993; Graeber et al., 1994) . Cells may then either enter apoptosis or undergo a G 1 arrest (Canman et al., 1995) , both of which have been shown to be p53-dependent in a variety of cell types (Kastan et al., 1991; Kuerbitz et al., 1992; Yonish-Rouach et al., 1991; Lowe et al., 1993; Clarke et al., 1993 Clarke et al., , 1994 . Abrogation of these processes, through loss of p53, is therefore predicted to result in the survival of DNA-damage bearing cells which would otherwise have been repaired, lost through apoptosis or undergone permanent arrest.
Evidence from several sources suggests that loss of p53 results in genomic instability. First, ®broblasts derived from Li-Fraumeni patients and p537/7 mice commonly develop chromosomal abnormalities when grown in vitro (Bischo et al., 1990; Harvey et al., 1993; Tsukada et al., 1993) . Second, elevated levels of aneuploidy and gene ampli®cation have been found in a variety of tissue types in p53 null mice (Bouer et al., 1995; Fukasawa et al., 1997) . Lastly, loss of p53 function is often associated with aneuploidy (Meling et al., 1993; Carder et al., 1993; Purdie et al., 1994) and gene ampli®cation (Yin et al., 1992; Livingstone et al., 1992; Donehower et al., 1995) in a variety of tumour types. However, loss of p53 alone is not sucient to induce karyotypic instability as the majority of p53 null mice survive to birth, although they are subject to an increased frequency of developmental abnormalities (Sah et al., 1995; Armstrong et al., 1995) .
Additional roles for p53 in the response to DNA damage have been suggested by other studies. Several authors have suggested that p53 may be required for nucleotide excision repair (NER), the primary mechanism for repair of UV-induced DNA damage (Smith et al., 1995) . Both p21 and Gadd45, which are induced by p53 following DNA damage, are thought to be involved in NER (Mahmud et al., 1992; Prelich et al., 1987; Waga et al., 1994; Li et al., 1994; Smith et al., 1994) . In addition, p53 has been shown to bind XPD (Rad3), XPB and CSB: proteins known to be involved in NER and associated with the DNA repair disorders xeroderma pigmentosum and Cockayne syndrome (Wang et al., 1995; Leveillard et al., 1996) . Perhaps the most convincing evidence for the involvement of p53 in NER is the reduced repair capacity of LiFraumeni syndrome cells which are heterozygous for functional p53 (Wang et al., 1995) . Several recent reports suggest that p53 may also be involved in other repair pathways including the repair of O 6 -alkyl lesions, mismatch repair, transcription-coupled repair and recombination (Schaefer et al., 1993; Raerty et al., 1996; Sturzbecher et al., 1996; Scherer et al., 1996) . p53 also binds DNA in a sequence-independent manner at the site of both single and double stranded DNA breaks and catalyzes DNA renaturation and strand transfer suggesting it may play a more direct role in DNA repair (Bakalkin et al., 1994; Brain and Jenkins, 1994) . In support of this, p53 has been found to exhibit 3' ± 5' exonuclease activity (Mummenbrauer et al., 1996) . A role for p53 in DNA damage recognition has also been suggested by the formation of stable complexes between the p53 protein and insertion/deletion mismatches (Lee et al., 1995) .
It has therefore been predicted that a p53 null environment would result in an increased mutation frequency (Lane, 1992) . In vivo studies in p53 null mice transgenic for a lacI lambda shuttle vector, termed Big Blue, suggest that this is not the case as no increase in spontaneous mutation frequency was observed (Nishino et al., 1995; Sands et al., 1995) . However, this assay has several limitations, the most important of which is that it does not detect large mutations or rearrangements.
The majority of these studies have utilized either short-term primary cultures or immortalized cell lines and thus data on stem cells, which are perhaps more relevant to the development of neoplasia, are lacking. We have chosen to examine these relationships in vitro using embryonic stem (ES) cells which are derived directly from the early embryo and are capable of continuous, undierentiated growth in vitro. ES cells are also pluripotent and when introduced into an early embryo, participate fully in normal embryonic development giving rise to chimaeric mice. We anticipated that unresolved or imperfectly resolved damage to the DNA of ES cells would have far reaching repercussions for the organism as ES cells ultimately contribute to all cell types. Consequently, mechanisms for the resolution of DNA damage, whether by repair or death, might be particularly eective in these cells.
The aims of this study were to investigate in ES cells the immediate and long term consequences of a p53 null environment on apoptosis and the acquisition of mutations, both with and without treatment with DNA-damaging agents.
Results

Induction of apoptosis in ES cells
Wild-type embryonic stem cells (E14; Hooper et al., 1987) were exposed to two DNA damaging agents, UV-and g-irradiation, and apoptotic events were estimated by¯ow cytometry from the proportion of cells having a DNA content less than that observed in the G 0 /G 1 peak. The accuracy of this estimate was con®rmed by comparison to direct measurements based on nuclear morphology after staining with acridine orange (Figure 1 ). The pattern of induction of apoptosis was dependent on the initiating stimulus used. With UV, induction was rapid with the majority of cells entering apoptosis within 36 h (Figure 1) . The response to g-irradiation, however, was quite dierent with less than 25% induction of apoptosis by 72 h, a value not signi®cantly dierent from controls ( Figure  2 ).
p53 expression
The dierent patterns of induction of apoptosis observed in ES cells led us to examine p53 protein expression, by both immunocytochemistry and immunohistochemistry, following g-and UV-irradiation.
Following UV treatment (17 J/m 2 ), Western analysis revealed a rapid rise in p53 protein levels which peaked at 4 h ( Figure 3a ) and returned to basal levels within 48 h. Even at the higher dose of 37 J/m 2 , qualitatively similar results were seen with immunocytochemical analyses; the proportion of cells staining positively for p53 rose rapidly to a peak (88%) at 2 h and returned to basal levels within 48 h (Figure 3b) .
The response to g-irradiation was more complex with two distinct phases of p53 expression (Figure 4 ). Increased expression was observed, both in terms of the proportion of positively staining cells and absolute protein levels, within 1 h of treatment and fell during the next 7 h. Mock-treated cells also showed a transitory p53 induction immediately after both UVand g-irradiation. Thus it is likely that the ®rst phase of p53 expression observed in g-irradiated cells is a consequence of stress due to handling. A second phase of increased expression was observed in the cytospins at 24 h, with basal levels restored by 48 h (Figure 4b ). However this was not detectable in the Western analysis, indicating no large, overall increase in protein levels ( Figure 4a ).
p53 involvement in the apoptotic response of ES cells
In order to examine the involvement of p53 in the apoptotic pathway, a p53 null ES cell line was derived by high G418 selection (Mortensen et al., 1992 ) from a heterozygote cell line with a targeted inactivation of the p53 gene (Clarke et al., 1993) . Following selection, 2 UV 24 h subsequent to treatment resistant colonies were screened by Southern blotting (data not shown) and complete loss of the normal p53 alleles con®rmed. Karyotypic analysis revealed a high incidence of cells bearing 41 chromosomes in three of the four cell lines examined. Fluorescent in situ hybridization, using a chromosome 11 paint, con®rmed that this abnormal karyotype was the result of trisomy of chromosome 11 ( Figure 5 ). The murine p53 gene is located on chromosome 11, hence this result con®rms the reduplication of the targeted chromosome in the neomycin resistant cells.
To assess the requirement for p53 in ES cell apoptosis, wild-type, p53 hemizygous and p53 null cells were exposed to 93 J/m 2 of UV-irradiation. Cells stained with acridine orange were then scored for apoptosis, on the basis of morphological criteria, 16 h after irradiation ( Figure 6 ). Induction of apoptosis was clearly p53-dependent; it was reduced to near background levels in p53 null cells and showed an intermediate response in p53 heterozygotes. A qualitatively similar response was seen at lower (37 J/m 2 ) UV doses (data not shown). However, p53 null cells still exhibited low but signi®cant levels of apoptosis in response to UV indicating that p53-independent apoptotic pathways exist in these cells (ANOVA, P=0.006).
Clonogenic survival in wild-type and p53 null ES cells
Evasion of apoptosis in the short term does not necessarily imply a continued capacity for growth. We therefore compared the clonogenic survival of ES cells in response to UV-and g-irradiation. Plating eciency did not dier between p53 null and wild-type cells (t-test. t=70.14, P=0.89, d.f.=59; data not shown). Following both UV-and g-irradiation, clonogenic survival was greatly reduced in wild-type cells with similar numbers (around 5%) of cells surviving doses of 10 J/m 2 UV and 7.6 Gy girradiation (Figure 7) . Survival of p53 null cells was consistently higher than that of wild-type cells (Friedman tests. UV: P=0.001. g: P=0.014).
Hprt mutation frequencies of wild-type and p53 null ES cells
Even at the high g-irradiation dose of 19.0 Gy, up to 1.4% of wild-type and 14.4% of p53 null cells survived (Figure 7b ). It has been predicted that a p53 null environment will result in an increased mutation frequency due to loss of the normal apoptotic pathway and subsequent survival of cells bearing DNA damage. This prompted us to investigate the mutation frequency at the Hprt locus after UV-and girradiation.
Following UV-irradiation, we observed a large, dose-dependent increase in mutation frequency, up to 100-fold at higher doses. Surprisingly, the frequency in p53 null cells was only twofold higher than that in wild-type cells, although this dierence was signi®cant (Sign test, P=0.03; Figure 8 ). In contrast, we found a less than tenfold increase in mutation frequency and no signi®cant p53-dependent dierence subsequent to girradiation (Figure 8) .
One potential source of error in this type of assay is that the mutation frequency may be overestimated due to the overgrowth of a small proportion of clones. To address this issue, we investigated the clonal origins of . Each bar represents the mean of three replicates+the standard error eight 6-TG resistant, p53 null colonies which had been irradiated with 7.6 Gy. When the Hprt cDNA of these colonies was sequenced, all eight were found to have dierent mutations (six deletions, one transversion and one transition). Although it was not possible to examine the clonal origins of all Hprt mutants, the lack of sibling colonies suggests that this was not a likely source of error.
Discussion
Kinetics of the induction of apoptosis and p53 subsequent to DNA damage
In agreement with previous reports on other cell types (Lu and Lane, 1993) , the data show that there is a rapid induction of p53 protein in wild-type ES cells following exposure to UV light and that this induction appears to be associated with the initiation of apoptosis (Sabapathy et al., 1997) .
In contrast, the response to g-irradiation was very dierent with two distinct phases of p53 induction. The function of the immediate p53 response to g-irradiation is uncertain as mock-irradiated cells showed a similar induction. Induction of p53 in response to various stress stimuli has been reported by other authors (Sugano et al., 1995; Renzing and Lane, 1995; Graeber et al., 1994) and thus seems a likely explanation in this instance. A number of other studies have shown a rapid and transitory induction of p53 subsequent to ionizing-radiation (Lu and Lane, 1993) but if this p53 response does occur in ES cells it would clearly be masked by the observed stress response and thus its presence can neither be con®rmed or eliminated. We observed a second, delayed phase of p53 induction which peaked 24 h subsequent to g-irradiation. The absence of a comparable increase in p53 levels in the Western analysis suggests that levels of induction, although widespread, are low. A similar small increase in p53 expression was observed 18 h after g-irradiation by Aladjem et al. (1998) in another study on ES cells and is consistent with our ®ndings. We did not observe any signi®cant induction of apoptosis subsequent to this type of DNA damage and thus the function of this delayed wave of p53 induction is, as yet, unclear. However, a biphasic apoptotic response to ionising radiation has been observed in both ES cells (Clutton et al., 1996) and embryonic carcinoma (EC) cells (Langley et al., 1994) , a cell type closely related to ES cells, the timing of which closely follows the expression pattern of p53 seen here. It is possible that the levels of apoptosis induced were outside the detection range of our assays.
The absence of a wave of apoptosis immediately after g-irradiation would be consistent with the interpretation that either death is dependent on secondary DNA breakage or that the cells do not die, but fail to proliferate. There is evidence in the literature for both of these processes playing an important role in the response to ionizing radiation. Seymour and Mothersill (1992) observed signi®cant numbers of non-proliferating cells in ®broblast cultures as late as 28 cell divisions post-irradiation and similar results have been obtained with ES cells subsequent to X-irradiation and a-particles (Clutton et al., 1996) . In addition, studies on cell cycle progression of G 0 -G 1 synchronized wild-type and p53 null ®broblasts after girradiation have shown that, of those cells which progress through the initial G 0 -G 1 phase, many arrest in subsequent phases (Linke et al., 1997) .
p53 and cell survival
The data con®rm that in ES cells, the apoptotic response to UV-irradiation is p53-dependent, consistent with the ®ndings of other workers in this ®eld (Sabapathy et al., 1997; Ziegler et al., 1994) . In a recent study investigating the involvement of p53 in the response of ES cells to DNA-damaging agents, Aladjem et al. (1998) suggested that ES cells do not have a functional p53-mediated DNA-damage response pathway. This is clearly not the case subsequent to UV-irradiation.
A statistically signi®cant component of the p53 null cultures entered apoptosis indicating the presence of p53-independent apoptosis. The general importance of this damage associated, p53-independent pathway is indicated by the fact that it has previously been observed in ES cells and many other cell types (Strasser et al., 1994; Malcomson et al., 1995; Li et al., 1996; Aladjem et al., 1998) .
Clonogenic survival was also in¯uenced by p53 genotype. After both g-and UV-irradiation the survival of p53 null cells, compared to wild-type, was enhanced in a dose-dependent manner. As predicted, we observe a log linear response following both UV-and g-irradiation, at least down to the level of 1% survival.
It is possible some of the results obtained here arise as a consequence of chromosome 11 trisomy. However, we have observed normal growth and dierentiation in these ES cells and hence consider that compared to the majority of p53 null cell lines examined, they represent a relatively karyotypically normal cell line.
Trisomy of targeted chromosomes has not been observed in other doubly targeted cell lines derived using the same method (Mortensen et al., 1992) , but appeared here in three out of four p53 null cell lines, derived in two separate experiments and representing at least three unrelated clones. Whilst other possibilities exist, we suggest the most likely explanation is that chromosome 11 has an inherent tendency towards trisomy and this would be accentuated by the high G418 selection. This hypothesis is supported by our own observations and several reports of spontaneous occurrences of trisomy 11 in both ES and EC cells (McBurney, 1976; McBurney and Rogers, 1982; Robertson and Bradley, 1986; Crolla et al., 1990) .
p53 and the mutation frequency
The majority of studies to date investigating the eect of p53 on the spontaneous mutation frequency of normal, murine cells have indicated that p53 null cells do not bear an increased mutation load (Nishino et al., 1995; Sands et al., 1995; Clarke et al., 1997) and our experiments investigating the spontaneous mutation frequency of the Hprt gene are in agreement with these reports. These ®ndings are further supported by interbreeding experiments between Apc mutated (Min) and p53 null mice which show no evidence for an increase in the spontaneous rate of adenoma formation in Apc+/7, p537/7 mice compared with Apc+/7, p53+/+ animals. As adenoma formation is associated with the loss of the remaining wild-type Apc allele, this suggests that the absence of p53 does not increase the spontaneous mutation frequency in intestinal epithelial cells in these mice . However, p53 status clearly does in¯uence spontaneous tumorigenesis in many other cell types, as demonstrated by the phenotype of the p53 null mice (Donehower et al., 1992; Jacks et al., 1994; Purdie et al., 1994) and by several dierent p53 intercrosses Clarke et al., 1995) . These results strongly argue that the eects of a p53 null background on genomic instability and the acquisition of mutations at spontaneous levels of DNA damage are dependent upon cell type.
It is implicit from the strong association between DNA damage and p53 induction that changes in p53 status may have signi®cant eects on the mutation frequency only following exposure to DNA damage. Surprisingly, our analysis of mutation at the Hprt locus in cells surviving either g-or UV-irradiation shows that mutation frequency within surviving clones is largely unin¯uenced by p53 status. We did observe a small (twofold) but statistically signi®cant increase following UV-irradiation. The simplest explanation for these results is that ecient NER has a more stringent requirement for functional p53 than does repair of girradiation-induced lesions and, as previously discussed, there is evidence in support of this hypothesis. This explanation is not, however, supported by experiments using p53 null Big Blue embryonic ®broblasts treated with the UV mimetic 4NQO, which show no increase in mutation frequency (Sands et al., 1995) . One possible explanation for this discrepancy may lie in the declared limitations to the Big Blue assay (Nishino et al., 1995) , although since 4NQO induces ssbs and not large deletions, we ®nd this argument unconvincing.
We have therefore established a limited role for p53 in determining mutation frequency within clones surviving UV-irradiation. However, the results described here derive from a direct comparison of mutation frequency amongst clonogenic cells. To understand the true consequences of p53 de®ciency, the p53 dependency of clonogenicity must also be considered. Thus, following g-irradiation, although the proportion of mutant clones is unaected by p53 status, there is a dose-dependent increase in the number of Hprt mutant clones as a direct consequence of the increased clonogenicity of p53 null cells. Similarly, following UV-irradiation, there is an increase in the number of mutant clones, both as a result of the increased mutation frequency and as a consequence of increased clonogenicity. We conclude that p53 exerts its in¯uence via at least two crucial processes, one aecting the immediate response to DNA damage and one aecting longer term survival, and that the balance of these two processes is critical in determining the outcome (in terms of mutagenesis) following DNA damage.
Materials and methods
Cell lines and chromosome analyses
All murine embryonic stem cell lines were derived from mouse strain 129/Ola. Wild-type cell lines used included E14 (Hooper et al., 1987) , CGR8 (Mountford et al., 1994) and HM1, a spontaneous Hprt mutant derived from E14 (Magin et al., 1992) . The p53 null cell lines (R72D5, R72D27 and R72D54) were derived from the hemizygous targeted cell line R72 (Clarke et al., 1993) and were rendered homozygous by selection in 1 (R72D5 and R72D27) or 2 (R72D54) mg/ml of 100% active G418 (Mortensen et al., 1992) . Following selection, resistant colonies were screened by Southern blotting.
Cells were cultured using standard ES cell protocols in medium supplemented with leukaemia inhibitory factor (LIF). Large stocks of cells frozen at the same passage were prepared for use in subsequent experiments, thus ensuring all analyses would be performed using comparable cells. Metaphase spreads were prepared (Robertson, 1987) and FISH analyses performed using a biotinylated murine chromosome 11 paint (Cambio) (Fantes et al., 1992) .
UV-and g-irradiation
UV-irradiation was performed at 254 nm using a Spectrolinker XL-1500 (Spectronics Corp.). Calibration of this device indicated slight variations in the actual UV dose delivered and therefore, the ®gure given represents the mean dose. In all cases the variation was no greater than +5%. Cells were grown in monolayers on gelatinized 10-cm petri dishes and all medium was removed from plates prior to irradiation.
Cells were g-irradiated in tissue culture¯asks at 20.7 Gy per min using a Cs 137 source.
Quanti®cation of apoptosis by direct counts of acridine orange stained cells
Immediately after treatment, cells and medium were centrifuged, washed in PBS and ®xed in 90% ethanol, 10% formalin. Fixed cells were stained in acridine orange (®nal concentration 10 mg/ml) and viewed under a¯uorescent microscope where apoptotic cells were identi®ed by their condensed and fragmented chromatin. Three replicates were prepared and counted at each time-point or dose. The proportion of apoptotic cells was found to be in¯uenced by cell density at time of seeding and other environmental factors (data not shown), leading to occasional quantitative dierences between experiments. All comparisons made in this paper therefore derive from experiments in which these parameters were internally controlled.
p53 immunocytochemistry
Immunocytochemistry was performed on cytospins ®xed for 5 min in 1 : 1 methanol/acetone at 48C. Cytospins were incubated with the murine polyclonal p53 antibody NCLp53-CM5p (Novacastra Laboratories Ltd.) (Midgley et al., 1995) diluted 1 : 500 with normal swine serum for 1 h at 258C. At each time point 200 cells were scored for the presence of p53. Experiments were repeated at least once.
p53 immunohistochemistry
Protein samples were prepared by lysis of aliquots of 10 6 cells. Samples were separated on vertical, 12.5%, polyacrylamide gels using the Bio-Rad Mini-Protean II system according to the manufacturer's instructions. Western transfers were prepared using the Hoefer semi-dry system and Highland ECL membrane (Amersham). Equal loading of protein samples was con®rmed by Ponceau S staining.
Non-speci®c protein binding sites were blocked by incubating the membrane in 5% w/v powdered, skimmed, milk and the membrane hybridized, overnight at 48C, to the rabbit polyclonal antibody CM5 (Novacastra Laboratories) at a dilution of 1 : 1000. After washing the membrane was incubated with a horseradish peroxidase conjugated, donkey anti-rabbit, secondary antibody (Amersham), at a dilution of 1 : 1000, for 1 h, at room temperature. Finally, the membrane was washed and antibody binding was visualized using the ECL detection kit (Amersham) according to the manufacturer's instructions.
Quanti®cation of apoptosis by¯ow cytometry
At the required time point, cells were trypsinized, washed in PBS and frozen at 7708C. Cells were thawed and stained with propidium iodide (Vindelov et al., 1983) . Analysis was performed on a Coulter EPICS-XL¯ow cytometer and the proportion of apoptotic cells estimated as the proportion of cells having a DNA content less than that observed in the G 0 /G 1 peak. All experiments were repeated at least once and typical data sets are presented.
Clonogenic survival asays
After treatment, cells were trypsinized and plated out in replicates of four at a range of cell densities. Plates were maintained for 10 days then ®xed in 70% alcohol for 15 min and stained with 10% Giemsa before counting of clones.
Hprt assays
Prior to irradiation, cells were grown in HAT medium for 7 days to kill any existing Hprt mutants. Cells (10 8 ) were irradiated and maintained in culture for 7 days to allow depletion of existing Hprt. At each dose four control plates were plated out at a cell density of 10 3 cells per plate and grown on in normal medium and 40 plates at a density of 5610 5 were selected in 2-amino-6-mercaptopurine (Sigma) at a concentration of 10 mg/ml. After 10 days plates were ®xed, stained and clones counted. The majority of assays were repeated at least once.
Statistical methods
Datasets were tested for normal distribution and homogeneity of variance and where these criteria were not met, non-parametric tests were utilized.
